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We measured the branching fractions of the decays χcJ → Σ
−Σ¯+ for the first time using the final
states nn¯pi+pi−. The data sample exploited here is 448.1×106 ψ(3686) events collected with BESIII.
We find B(χcJ → Σ
−Σ¯+) = (51.3±2.4±4.1)×10−5, (5.7±1.4±0.6)×10−5, and (4.4±1.7±0.5)×10−5,
for J = 0, 1, 2, respectively, where the first uncertainties are statistical and the second systematic.
PACS numbers: 13.20.Gd, 13.25.Gv, 14.40.Pq
I. INTRODUCTION
Experimental studies of the χcJ(J = 0, 1, 2) states
are important for testing models that are based on non-
perturbative Quantum Chromodynamics (QCD). The
χcJ mesons are P -wave cc¯ triple-states with a spin parity
J++, and cannot be produced directly in e+e− annihi-
lation. However, they can be produced in the radiative
decays of the vector charmonium state ψ(3686) with con-
siderable branching fractions (BFs) of ∼ 9% [1]. A large
sample of ψ(3686) decays has been collected at BESIII,
which provides a good opportunity to investigate the P -
wave χcJ states [2].
Many theoretical calculations show that the color octet
mechanism (COM) could have a large contribution in
describing P -wave quarkonium decays [3–5]. The predic-
tions for χcJ decays to meson pairs are in agreement with
the experimental results [6], while contradictions are ob-
served in the χcJ decays to baryon pairs (BB¯) [4, 5]. For
example, the predicted BFs of χcJ → ΛΛ¯ disagree with
measured values [7]. In addition, the study of χc0 → BB¯
is helpful to test the validity of the helicity selection rule
(HSR) [8, 9], which prohibits χc0 → BB¯. Measured BFs
for χc0 → pp¯, ΛΛ¯ and Ξ−Ξ¯+ do not vanish [7, 10], demon-
strating a strong violation of HSR in charmonium decay.
The quark creation model (QCM) [11] is developed to
explain the strengthened decays of χc0 → BB¯ and it
predicts the rate of χc0,2 → Ξ+Ξ− [10] well. However,
the same model is unable to accurately reproduce the ob-
served decay rates to other BB¯ final states [7]. Recent
BF data for χc1,2 → Σ+Σ¯− and Σ0Σ¯0 [12] are in good
agreement with COM predictions [4], while measured
BFs of χc0 → Σ+Σ¯− and Σ0Σ¯0 [12, 13] are inconsistent
with COM models based on the charm-meson-loop mech-
anism [5, 14], and violate the HSR, too. Experimentally,
there are no BF data of χcJ → Σ−Σ¯+, and therefore
those measurements are necessary to further test the va-
lidity of COM, HSR and QCM.
In this paper, we report on an analysis of the processes
ψ(3686) → γχcJ , χcJ → Σ−Σ¯+ (Σ− → nπ−, Σ¯+ →
n¯π+) using a data sample of (448.1± 2.9)× 106 ψ(3686)
events collected with BESIII [15]. The BFs of the decays
χcJ → Σ−Σ¯+ are measured for the first time.
II. BESIII DETECTOR AND MONTE CARLO
SIMULATION
The BESIII detector operating at the Beijing electron-
positron collider (BEPCII), is a double-ring e+e− collider
with a peak luminosity of 1× 1033 cm−2s−1 at center-of-
mass energy
√
s = 3.77 GeV [2, 16]. The BESIII detector
has a geometrical acceptance of 93% over 4π solid angle.
The cylindrical core of the BESIII detector consists of a
small-cell, helium-gas-based (60% He, 40% C3H8) main
drift chamber (MDC) which is used to track the charged
particles. The MDC is surrounded by a time-of-flight
(TOF) system built from plastic scintillators that is used
for charged-particle identification (PID). Photons are de-
tected and their energies and positions are measured with
4an electromagnetic calorimeter (EMC) consisting of 6240
CsI(TI) crystals. The sub-detectors are enclosed in a su-
perconducting solenoid magnet with a field strength of
1 T. Outside the magnet coil, the muon detector con-
sists of 1000 m2 resistive plate chambers in nine barrel
and eight end-cap layers, providing a spatial resolution of
better than 2 cm. The momentum resolution of charged
particle is 0.5% at 1 GeV. The energy loss (dE/dx) mea-
surement provided by the MDC has a resolution of 6%,
and the time resolution of the TOF is 80 ps (110 ps) in
the barrel (end-caps). The energy resolution for photons
is 2.5% (5%) at 1 GeV in the barrel (end-caps) of the
EMC.
A dedicated Monte Carlo (MC) simulation of the
BESIII detector based on geant4 [17] is used for the
optimization of event selection criteria, the determina-
tion of the detection efficiencies, and to estimate the
contributions of backgrounds. A generic MC sample
with 5.06 × 108 events is generated, where the produc-
tion of the ψ(3686) resonance is simulated by the MC
event generator kkmc [18]. Particle decays are gener-
ated by evtgen [19] for the known decay modes with
BFs taken from Particle Data Group (PDG), and by
lundcharm [20] for the remaining unknown decays.
For the MC simulation of the signal process, the de-
cay of ψ(3686) → γχcJ is generated by following the
angular distributions taken from Ref. [21], where the
polar angles θ of radiation photons are distributed ac-
cording to (1 + cos2 θ), (1 − 13 cos2 θ), (1 + 113 cos2 θ) for
J = 0, 1, 2. The χcJ → Σ−Σ¯+ decays are generated
with the angsam [19] model, with helicity angles of the
Σ satisfying the angular distribution 1 + α cos2 θ. Note
that α = 0 for the decay of the χc0 because the helicity
angular distribution of a scalar particle is isotropic. The
subsequent decays Σ− → nπ− and Σ¯+ → n¯π+ are gener-
ated with uniform momentum distribution in the phase
space (PHSP) [22].
III. EVENT SELECTION AND BACKGROUND
ANALYSIS
We reconstruct the candidate events from the decay
chain ψ(3686) → γχcJ followed by χcJ → Σ−Σ¯+ with
subsequent decays Σ− → nπ− and Σ¯+ → n¯π+. The
charged tracks are reconstructed with the hit informa-
tion from the MDC. The polar angles of charged tracks
in the MDC have to fulfill | cos θ| < 0.93. A loose vertex
requirement is applied for charged-track candidates to
implement the sizable decay lengths of Σ− and Σ¯+, and
each charged track is required to have a point of closest
approach to e+e− interaction point that is within 10 cm
in the plane perpendicular to the beam axis and within
±30 cm in the beam direction. The combined informa-
tion of dE/dx and TOF is used to calculate PID proba-
bilities for the pion, kaon and proton hypothesis, respec-
tively, and the particle type with the highest probability
is assigned to the corresponding track. In this analysis,
candidate events are required to have two charged tracks
identified as π+ and π−.
There are three neutral particles in the final states of
the signal process, the radiative photon γ, anti-neutron
n¯ and neutron n. The radiative photon deposits most
of its energy in the EMC with a high efficiency. The n¯
annihilates in the EMC and produces several secondary
particles with a total energy deposition up to 2 GeV.
The n, on the other hand, is not identifiable due to its
low interaction efficiency and its small energy deposition.
Therefore, the n¯ and radiative photon are selected in
this process. The most energetic shower in the EMC
is assigned to be the n¯ candidate. To discriminate n¯
from photons and to suppress the electronic noise, sev-
eral selection criteria are used. Firstly, the deposited
energy of n¯ is required to be in the range 0.2−2.0 GeV.
Secondly, the second moment of candidate shower, de-
fined as S =
∑
iEir
2
i /
∑
i Ei, must satisfy S > 20 cm
2,
where Ei is the energy deposited in the i
th crystal of
the shower and ri is the distance from the center of that
crystal to the center of the shower [23]. Furthermore, the
number of EMC hits in a 40◦ cone seen from the vertex
around the n¯ shower direction is required to be greater
than 20. After applying these selection criteria, the n¯
candidates have a purity of more than 98% estimated
from signal MC sample.
To avoid the secondary showers originating from n¯ an-
nihilation, the radiative photon is selected from EMC
showers that have an opening angle with respect to the
n¯ direction that is greater than 40◦. Good photon can-
didates are selected by requiring a minimum energy de-
position of 80 MeV in the EMC, and are isolated from
all charged tracks by a minimum angle of 10◦. The
time information of the EMC is used to further suppress
electronic noise and energy depositions unrelated to the
event. At least one good photon candidate is required in
an event.
The momentum or direction information of candidate
particles are subjected to a kinematic fit that assumes the
ψ(3686)→ γnn¯π+π− hypothesis, where the direction of
n¯ in the fit is involved and n is treated as a missing parti-
cle. The kinematic fit is then applied by imposing energy
and momentum conservation at the IP and by constrain-
ing the n¯π+ invariant mass to match the nominal Σ¯+
mass [1]. For events with more than one photon can-
didate, the combination with a minimum χ2kfit is chosen
with the requirement that χ2kfit < 20.
After applying the kinematic fit, the backgrounds from
ψ(3686) → π0π0J/ψ followed by decays of J/ψ → BB¯
and π0 → γγ are suppressed by reconstructing events
with two photon candidates. An event is then discarded
when the invariant mass of any two photons are located
within 120 MeV/c2 and 150 MeV/c2. The contamina-
tion of the channel ψ(3686) → π+π−J/ψ with J/ψ →
nn¯ is removed by requiring |Mrec(π+π−) − m(J/ψ)| >
10 MeV/c2, where Mrec(π
+π−) is the recoil mass of the
π+π− pair and m(J/ψ) is the world average mass of the
J/ψ meson [1]. Another sources of backgrounds are from
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FIG. 1. Invariant-mass distributions of reconstructed Σ− candidates (a) and the recoil mass of γ (b). The dots with error bars
denote the data. The contributions for each component are obtained using MC simulations and are indicated as the hatched
histograms.
events containing a K0S. These events are removed by
requiring |M(π+π−) − m(K0S)| > 10 MeV/c2, whereby
M(π+π−) and m(K0S) are the reconstructed π
+π− in-
variant mass and world average mass of the K0S [1], re-
spectively. The signal could be contaminated with back-
ground from ψ(3686) → Σ−Σ¯+ whereby one fake pho-
ton has been reconstructed. To remove such background,
events are rejected for which the χ2kfit(Σ
−Σ¯+) is smaller
than χ2kfit(γΣ
−Σ¯+).
The invariant-mass spectrum of nπ− and the recoil
mass spectrum of the γ are shown in Fig. 1 for both da-
ta and MC simulations, where Σ− and χcJ signals can
be observed. The MC results represent the main char-
acteristics of the various background sources. However,
they cannot fully describe the data due to missing or im-
proper modeling of background processes involving BB¯,
especially when the final states contain nn¯. Using the
topology technique [24], we have categorized the main
background sources into three kinds: a) the process
ψ(3686) → γχcJ whereby the χcJ decays to hadronic
final states, which shows a peak in Mrec(γ) and no peak-
ing structure in M(nπ−); b) the process ψ(3686)→ BB¯
or J/ψ → BB¯ via the hadronic transition from ψ(3686),
which is not peaking inMrec(γ) but shows a wide bump in
M(nπ−); c) the decays ψ(3686) to hadronic final states,
which are non-peaking in both Mrec(γ) and M(nπ
−).
Besides, a two-dimensional (2D) distribution of M(nπ−)
and Mrec(γ) is shown in Fig. 2 for the data. Clear ac-
cumulations of candidate events of the signal process
χc0 → Σ−Σ¯+ are observed around the intersections of
the χc0 and Σ
− mass regions, and a signature of the pro-
cess χc1,2 → Σ−Σ¯+ can be observed. A data sample
corresponding to an integrated luminosity of 44 pb−1,
taken at
√
s = 3.65 GeV, is used to estimate the contin-
uum background arising from quantum electrodynamics
(QED) processes. No peaking backgrounds are observed
in the mass spectrum of Mrec(γ) for the continuum data
sample, therefore the contribution from QED background
can be neglected.
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FIG. 2. A 2D distribution ofMrec(γ) versusM(npi
−) for data.
IV. EXTRACTION OF THE SIGNAL
To extract the signal yields for χcJ → Σ−Σ¯+, unbinned
maximum-likelihood fits to the Mrec(γ) distributions as
a function ofM(nπ−) are performed, noted as bin-by-bin
fit. The bin width for M(nπ−) is determined by testing
the MC samples, where the MC samples include events
from MC-generated background sources, and events ran-
domly sampled from signal MC events with the same
amount events as observed in data as signal. The bin
width is determined when the minimum input-output dif-
ference is obtained for the extraction of the signal and it
is found to be 10 MeV/c2.
In the fit of Mrec(γ) in each nπ
− bin, the χcJ sig-
nals are described by the MC shapes convoluted with
6Gaussian functions to compensate for a possible resolu-
tion difference between the data and MC. For a prop-
er modeling of the lineshape of the signal, thereby sup-
pressing photon misidentification, we selected signal MC
events for which the opening angle of the reconstruct-
ed photon matches the value given by the generator. A
second-order Chebychev polynomial function is used to
describe the non-χcJ background. It should be noted
that the Mrec(γ) resolution of the process ψ(3686) →
γχcJ , with inclusive decays of the χcJ , is the same as
observed in the signal MC data. Figure 3 shows the re-
sults of a bin-by-bin fit of one of theMrec(γ) distributions
selected for a bin in M(nπ−) at the Σ− peak position.
Figure 4 shows the fitted signal yields of ψ(3686)→ γχcJ
as a function of M(nπ−). Clear signatures of Σ− decays
can be observed. Binned least-χ2 fits are subsequent-
ly performed to these spectra. The signal shapes are
described by MC-simulated responses convoluted with
Gaussian distributions and backgrounds are described by
second-order Chebychev polynomials. The fit results are
shown by the lines in Fig. 4. The statistical significances
of the signal for the three χcJ cases are found to be 30σ,
5.8σ and 3.6σ, respectively. The significances are calcu-
lated from the χ2 differences between fits with and with-
out the signal processes. The corresponding signal yields
are summarized in Table I. The BFs are obtained from:
B(χcJ → Σ−Σ¯+) = N
obs
Nψ(3686) · ǫ ·
∏Bi , (1)
where Nobs is the number of signal events obtained from
the bin-by-bin fit; ǫ is the detection efficiency obtained
from signal MC after the photon matching;
∏Bi is the
product of BFs for the ψ(3686)→ γχcJ , Σ− → nπ− and
Σ¯+ → n¯π+ channels; and Nψ(3686) is the total number of
ψ(3686) events. The corresponding detection efficiencies
and the resultant BFs are summarized in Table I. We note
that due to the low-energy radiative photon of χcJ (J =
1, 2), the detection efficiency tends to get smaller due to
the rejection of π0-mass requirement.
V. ESTIMATION OF SYSTEMATIC
UNCERTAINTIES
Various sources of systematic uncertainties are studied
and summarized in Table II. The investigated uncertain-
ties are discussed in detail in the following:
a. MDC Tracking: The tracking efficiencies for π+/π−
as functions of the transverse momentum have been stud-
ied with the process J/ψ → Σ∗−Σ¯+ → π−Λ n¯ π+(Λ →
π−p). The efficiency difference between data and MC is
1.4% for each charged-pion track.
b. Photon Reconstruction: The uncertainty of the
photon-detection efficiency is estimated to be 1.0% per
photon [25].
c. n¯ Selection and Kinematic Fit: The systematic
uncertainties of the n¯ selection and the kinematic fit
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FIG. 3. Fit to theMrec(γ) distribution at the maximum accu-
mulation in the M(npi−) bin. Black dots with error bars are
from data, the solid blue lines are the best fit result, dashed
red lines represent signal contributions, and dashed green lines
are the fitted backgrounds.
involving the n¯ is studied using the control sample of
J/ψ → Σ∗Σ¯+. The relative difference of 5.8% in efficien-
cy between MC and data is assigned as the corresponding
systematic uncertainty.
d. Mass Window Requirement: Various cuts in the
mass spectra have been used to select events, name-
ly on M(γγ), M(π+π−) and Mrec.(π
+π−). Cross
checks of systematic effects for these mass window re-
quirements are considered following the procedure de-
scribed in Ref. [26]. The consistency of the results is
checked by comparing the uncorrelated differences be-
tween the parameter values, xtest ± σtest, obtained from
the fits to the nominal results, xnom. ± σnom.. The sys-
tematic sources cannot be discarded when the signifi-
cance of uncorrelated differences, ∆xuncor. = |xnom. −
xtest|/
√
|σ2nom. − σ2test| > 2. By comparing the results of
various selections taken within a proper range with the
nominal result, the one with the largest difference is tak-
en as an estimate of the corresponding uncertainty. For
the χc0 case, the π
0 veto is tested by varying the rejec-
tion windows, |M(γγ) − m(π0)| from 3 to 18 MeV/c2.
The largest deviation ∆xuncor. is found when the veto is
applied at 12 MeV/c2. Similar attempts are performed
for the mass windows of Mrec(π
+π−) and M(π+π−).
The largest deviations are found when the windows are
|Mrec(π+π−) − m(J/ψ)| > 16 MeV/c2 and |M(π+π−)
- m(K0S)| > 12 MeV/c2. The differences to the nomi-
nal results are then taken as an estimate of the system-
atic uncertainty. In all cases, we observe no tendency
of ∆xuncor. along with the selection variations, indicat-
ing no bias in these selection criteria. For χc1,2, it is
found that the ∆xuncor. for all the tests are less than 2σ.
Therefore, no systematic uncertainties are considered in
that case.
e. Fitting Process: To estimate the uncertainties from
the fitting process, the following three studies are made.
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FIG. 4. The χcJ → Σ
−Σ¯+ signal yields as a function of M(npi−) for (a) χc0 (b) χc1 and (c) χc2. Black dots with error bars
correspond to data, the solid blue lines are the overall fit results, dashed red lines represent signal contributions, and dashed
green lines are the fitted backgrounds.
TABLE I. BFs of χcJ → Σ
−Σ¯+ (in units of 10−5), where the errors are statistical only. The statistical errors of the MC-
determined efficiencies are negligible.
Quantity χc0 χc1 χc2
Nobs 2143 ± 102 214 ± 53 131 ± 51
Efficiency (ǫ)% 9.56 8.58 6.97
B(ψ(3686) → γχcJ)% 9.79 9.75 9.52
B(χcJ → Σ
−Σ¯+)(10−5) 51.3± 2.4 5.7± 1.4 4.4± 1.7
TABLE II. Systematic uncertainties in the BF measurements
in percent.
Source χc0 χc1 χc2
MDC Tracking 2.8 2.8 2.8
Photon Reconstruction 1.0 1.0 1.0
Kinematic Fit 5.8 5.8 5.8
π0 mass window 1.6 − −
π+π− mass window 0.6 − −
Mrec(π+π−) mass window 1.0 − −
Bin size of Σ−; 0.3 1.0 1.5
Signal Shape 2.6 2.8 0.0
Background Shape 1.2 2.9 3.2
Fitting Range 1.0 2.5 4.3
Signal Shape of χcJ ; 0.0 0.0 0.0
Background Shape 0.0 1.4 1.6
Fitting Range 0.2 1.8 2.3
Generator − 4.2 4.1
Truth Match 0.7 0.7 0.7
Number of ψ(3686) 0.6 0.6 0.6
B(ψ(3686) → γχcJ) 2.0 2.5 2.1
Total 7.9 9.8 10.2
(i) Bin Width: The bin width in the bin-by-bin fit is
determined to be 10 MeV/c2 by testing a series of MC
samples as described in Sec. IV. The systematic uncer-
tainties are determined by taking the difference between
the determined branching fractions and their input val-
ues for χcJ → Σ−Σ¯+.
(ii). Fit of χcJ : To extract the uncertainties associ-
ated with the fit procedure on Mrec(γ), alternative fits
are performed by replacing the second-order polynomial
function with a third-order function for the background
description, fixing the width of the Gaussian functions for
the signal description, and by varying the fitting range.
All the relative changes in the results are taken as the
uncertainties from the fit.
(iii) Fit of M(Σ−): Similarly, alternative fits are
applied by varying the MC-simulated signal and back-
ground shapes and fit ranges. The differences are treated
as a systematic uncertainty.
f. Generator: For the χc0 case, the angular distribu-
tion of the Σ− in the χc0 rest frame is isotropic since the
χc0 is a scalar particle. Therefore, no systematic uncer-
tainty needs to be considered for the χc0. For χc1,2, on
the other hand, we considered two extreme cases in the
analysis, namely with α = 1 and −1, respectively. The
resulting differences in efficiency with a factor of
√
12 are
then assigned as the source of a systematic uncertainty.
g. MC Truth Matching Angle: Since in the analysis
of the signal MC data sample only events are selected
whereby the difference between the angle of the recon-
structed photon and the generated one (MC truth an-
gle) is less than 10◦, it might lead to a systematic error
in the efficiency determination. Several differences with
MC truth angles are considered ranging from 10◦ to 20◦.
The largest difference on the efficiencies are considered
as the source of systematic uncertainty.
Other Uncertainties: The total number of ψ(3686)
decays is determined by analyzing the inclusive hadron-
ic events from ψ(3686) decays with an uncertainty of
0.6% [15]. The uncertainties due to the BFs ψ(3686)→
γχcJ are quoted from the PDG [1]. The systematic error
due to uncertainties in the trigger efficiency is negligible
for this analysis.
Total Systematic Uncertainty: We assume that all sys-
tematic uncertainties given above are independent and
we add them in quadrature to obtain the total systemat-
ic uncertainty.
8TABLE III. Results of the BFs (in units of 10−5) for the measurement of χcJ → Σ
−Σ¯+, compared with the χcJ → Σ
+Σ¯−
results from BESIII [13] and theoretical predictions [4][5][11]. The first errors are statistical and the second systematic.
Channel This work Statistical significance BESIII [13] Theoretical predictions
χcJ → Σ
−Σ¯+ χcJ → Σ
+Σ¯− COM QCM [11]
χc0 → Σ−Σ¯+ 51.3± 2.4± 4.1 30 σ 50.4± 2. 5± 2.7 5.9-6.9 [5] 18.1± 3.9
χc1 → Σ−Σ¯+ 5.7± 1.4± 0.6 5.8σ 3.7± 0.6± 0 .2 3.3 [4] ...
χc2 → Σ−Σ¯+ 4.4± 1.7± 0.5 3.6σ 3.5± 0.7± 0 .3 5.0 [4] 4.3± 0.4
VI. SUMMARY
Based on (448.1 ± 2.9) × 106 ψ(3686) events collect-
ed with the BESIII detector, the BFs of the processes
χcJ → Σ−Σ¯+ are measured and the results are sum-
marized in Table III. This is the first BF measurement
of χcJ → Σ−Σ¯+. The results of χcJ → Σ−Σ¯+ are
consistent with χcJ → Σ+Σ¯− [13] from BESIII within
the uncertainties, which confirm the prediction of isospin
symmetry. The BF of χc0 → Σ−Σ¯+ does not vanish,
which demonstrates a strong violation of the HSR. Both
predictions based on the COM [5] and QCM [11] fail
to describe our measured result. The measured BFs of
χc1,2 → Σ−Σ¯+ are in good agreement with the theoreti-
cal predictions based on COM [4] and consistent within
1σ with the prediction based on QCM [11] for χc2 → ΣΣ.
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